Abstract Revolutionary discoveries in cancer genomics in the last 10 years and the development of rapid genomic sequencing have led to a sea change in our understanding of the genetic events contributing to malignant transformation of cells and maintenance of the malignant state. This new understanding of the cancer genome allows implementation of specific therapies to suppress tumor growth. This review summarizes current knowledge of tumor biology as a basis for molecular targeting of cancer for imaging and/or therapy purposes. Important molecular events related to tumor biology are presented, focusing, in particular, on the knowledge that can contribute to the development of molecular targeting processes related to important aspects of cancer growth/metastasis. We discuss the relevance of these events to tumor mass imaging, tumor neovasculature development, tumor hypoxia, cellular constituents and cellcell synergism of the tumor mass, the immunologic sanctuary of tumors, the metastatic process, oncogene and nononcogene addiction, driver mutations in cancer cells, the PI3K/AKT and RAS/ERK pathways, B-RAF inhibition, and carbonic anhydrase 9 in clear cell renal cancer. All this knowledge, which can be encompassed by the general term metabolomics, can translate into practical applications for imaging the cancer cell phenotype. There is no doubt that this kind of precision medicine will increase the capacity of molecular imaging to monitor tumor-specific targeted treatments and determine the point in time when the cancer mutates again and escapes drug control.
knowledge, which can be encompassed by the general term metabolomics, can translate into practical applications for imaging the cancer cell phenotype. There is no doubt that this kind of precision medicine will increase the capacity of molecular imaging to monitor tumor-specific targeted treatments and determine the point in time when the cancer mutates again and escapes drug control.
Keywords Oncogenes Á Suppressor genes Á Tumor neovasculature Á Tumor hypoxia Á Immunologic sanctuary in cancer Á Driver mutations in cancer Á Metabolomics in cancer
Background on tumor cell biology
Most genes that are directly linked to cancer causation fall into two categories: oncogenes, which, when mutated, are drivers of a process that leads to cancer; and suppressor genes, which must be disabled to permit expression of the malignant state. To date, 140 such genes (80 tumor suppressor genes and 60 oncogenes) have been identified in tumor genomes [1] . Oncogenes have received more attention from the molecular imaging community given that it is easier to image a molecule or molecular event that is additive or increased in relation to the tissue of origin. Examples include the oncogene mutations that lead to HER2 overexpression in breast cancer, c-Kit mutations in gastrointestinal stromal tumors (GIST), and mutations of the EGFR-encoding gene in brain tumors and lung cancers. Examples of suppressor genes include BRCA 1 and 2, whose mutations are associated with breast, ovarian, and pancreatic cancer; gene p53, whose mutation is associated with breast, sarcoma, and brain tumors; and the RB gene, whose mutation is associated with retinoblastoma [1, 2] .
The genetic alterations associated with malignant transformation lead to a set of common phenotypes that are typical of the cancer cell. The characteristic properties of cancer cells have been summarized by Hanahan and Weinberg [2] (see Fig. 1 ). In particular, cancer cells often show (1) more rapid proliferation than normal cells in the organ, (2) resistance to death signals (such as apoptosis), (3) resistance to suppression of proliferation, (4) metastatic behavior, (5) resistance to immunologic attack, and (6) a variety of stress responses, including characteristic metabolic patterns (such as increased glucose utilization). In principle, each of these characteristic phenotypic alterations is associated with underlying key molecules that can be targeted with selective drugs (for therapy) and radiolabeled tracers (for imaging and/or therapy purposes). As will be discussed later, the stromal elements of the cancer mass, which are recruited from the host, also play an important permissive role in allowing these characteristic behaviors.
The tumor mass
A general property essential to the long-term growth of cancer cells is the recruitment of a supporting framework for the creation of the mass that characterizes clinical malignancies (see Fig. 2 ). Fibrocytes, endothelial cells serving to form vessels carrying nutrients, and immune cells are all common constituents of the tumor mass, identifiable on morphologic imaging (CT scans for example). Prior to the recruitment of blood vessels, the size of a tumor is limited by the diffusion distance of oxygen in tissues, which is about 100-200 lm. Once a blood supply is established, the tumor mass can grow.
Imaging the tumor mass
Observation of changes in the size of a tumor mass has long been the basis for monitoring treatment response. For centuries, this was accomplished by palpation. However, the development of reproducible high-resolution crosssectional anatomic imaging techniques, such as CT, ultrasound and MRI, has allowed precise measurements of tumor dimensions, and these techniques now constitute the gold standard for treatment monitoring. Although such anatomic imaging techniques are objective, they have limitations. In most situations, they require, in order to guarantee reliable measurement of the lesion volume, an at least 1 g mass of tissue, which corresponds to about 10 8 cells. The current criteria for measuring neoplastic lesions (Response Evaluation Criteria in Solid Tumors, RECIST 1.1) are derived from the measurement of two perpendicular diameters in up to five soft-tissue masses. For a partial response (PR), a[30 % reduction is required in the sum of long dimensions of up to two tumor lesions per organ, and for a complete response (CR) disappearance of all lesions is required. Progressive disease (PD) is defined by a[20 % [3] , was used to define tumor metabolism as a parameter of response to treatment. In addition to SUV max (based on the pixel with the highest value in the tumor region of interest), glucose metabolism by the tumor mass can also be expressed using a region of interest of a defined size, which samples a larger number of pixels. The more recent ''PET Response Criteria in Solid Tumors'' (PERCIST) [4] system uses an SUV measure, called SUV peak , which is based on lean body mass, and uses a circular region of 1.2 cm in diameter (sampling a region with an approximate mass of 1 g) centered around the hottest voxel, over which the SUV is averaged. The SUVpeak based on lean body mass is called the SUL. PERCIST also applies an element of quality control to the metabolic evaluation, requiring that the SUL peak in the lesion area be greater than the average SUL ? 2 standard deviations in the liver. In this way, comparison of the tumor and liver SUVs serves as a parameter for normalization of PET scans performed with different machines and in different conditions. An alternative approach recently proposed by Fox and colleagues [5] uses semi-automated lesion tracking software to view all the lesions simultaneously in patients with advanced disease, since the size and metabolism of the total tumor burden is likely to be a valid measure of treatment response. Although efforts to develop an optimized approach to the quantitation of tumor metabolism are ongoing, the SUV max (corrected for body weight) remains one of the most robust measurements for this purpose.
Neovasculature
Once cancer cells are collected into a mass, they must recruit blood vessels in order to grow. The system of blood vessels in a tumor, called the ''neovasculature'', has several unique characteristics. The vessels are poorly organized, extremely permeable and often have an incomplete endothelial barrier. Most tumors have minimal lymphatics in the tumor mass (although lymphatic vessels are present at the periphery of the lesion); since the interstitial fluids have less possibility of draining out of the lesion through the lymphatic system, the tumor mass has a higher pressure than normal tissue, and this limits the diffusion, into the mass, of many molecules. From the radionuclide imaging and therapy point of view, poor diffusion within the tumor mass particularly affects macromolecules such as antibodies, which constitute the basis for a class of radiopharmaceuticals developed for radioimmunoscintigraphy, radioimmunoguided surgery, or radioimmunotherapy purposes (see most recent reviews in [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] ). Conversely, the incomplete endothelial barrier of the neovasculature allows tumor cells to directly enter the host vasculature, and thus provides a path for these cells to circulate and metastasize. Folkman [23] , who was the first to recognize that inhibition of angiogenesis could inhibit tumor growth, coined the term ''angiogenic switch'' to refer to the moment when a small collection of tumor cells begins the vascularization process. Ferrara et al. [24] discovered the crucial role played by vascular endothelial growth factor (VEGF) in neovasculature development. In response to VEGF produced by tumor cells, stem cells are recruited from the bone marrow and migrate to the tumor mass, where they play an essential role in the production of the neovasculature. Agents that target either VEGF or its receptor include the antibody bevacizumab, and the peptides sorafenib and sunitinib. Bevacizumab binds VEGF, whereas the peptides interfere with the receptor. Both the antibody and the peptides show strong anti-tumor activity against some highly vascular tumors. Bevacizumab radiolabeled with zirconium-89 localizes in breast cancer [25] . In patients successfully treated with these agents, serial imaging with [ [26] has been linked to endothelial damage. In the case of single-fraction high-dose radiation, the therapy induces catastrophic apoptosis in endothelial cells which results in irreversible damage to tumors.
Unlike normal vessels, ''leaky'' neovasculature can be exploited to image the tumor mass. In fact, ''leaky'', incomplete endothelium allows both large molecules and nanoparticles to enter tumors, where they are retained. This process is called the ''extravasation and passive retention'' (EPR) effect, and it is thought to occur because larger molecules and nanoparticles enter the perivascular space through relatively large pores, but have difficulty getting back into the vasculature, rather in the way a lobster has trouble finding its way out of a lobster trap. The continuous expression of angiogenesis factors by the tumor causes a concomitant increased expression of integrin receptors (such as a v b 3 integrin and other members of the integrin family), thereby providing a homing signal for the cells mobilized to create the new blood vessels for the tumor. Agents binding to this integrin have been synthesized, and their radiolabeled counterparts have been shown to localize in sites of neovascularization in tumors [27] and in sites of inflammation, such as healing infarcts [28] . Other endothelial targets suitable for imaging include the prostatespecific membrane antigen (PSMA), which can be imaged with the radiolabeled antibodies J591 and 7E11-C5.3.
Furthermore, attempts to develop radioimmunotherapy using these agents are under way [29] [30] [31] [32] . In a review by Schliemann and Neri [33] , nine vascular targets were described for which antibodies have been developed.
Hypoxia
Solid tumors tend to outgrow their blood supply, a circumstance that causes cancer cells to become hypoxic. The reduced cellular oxygen content characteristic of hypoxia can be imaged using a class of compounds called nitroimidazoles [34] . 18 F-misonidazole is the one that has been used most often [35] , although there are numerous alternatives being developed [36] [37] [38] . These compounds localize mainly by passive diffusion into the tumor. Once in the cell, nitroimidazoles undergo a single-electron reduction. In the presence of oxygen, the molecule is immediately reoxidized. As a result, the reoxidized molecule diffuses back out of normoxic tissue. In the presence of hypoxia, this reoxidation cannot occur, and the molecule is therefore trapped within the hypoxic but viable tissue. Hypoxia is a key property of tumors that reduces the effectiveness of radiation therapy. Well-oxygenated tissue is about three times more sensitive to radiation damage than hypoxic tissue. Some investigators suggest using 18 Fmisonidazole to image hypoxic regions within tumors [39] , so as to allow a boost of radiation to the hypoxic region while minimizing damage to normal tissues [40] .
Cellular constituents and cell-cell synergism of the tumor mass
The tumor mass contains a mixture of tumor cells and cells recruited from the adjacent normal tissues of the host, such as fibroblasts, collagen fibrils, and vascular endothelium. The amount of stroma is highly tumor dependent, with lesions such as lymphoma having relatively little stroma, and others, such as pancreatic cancers, having relatively few tumor cells and abundant stroma. In addition, tissue macrophages and other immune cells are represented in the mass. Typically, about 3 % of the cellular mass is composed of endothelial cells.
The tumor mass cannot grow without the active synergy of each cellular component. There is evidence that cells interact with one another in several ways: small molecules, large molecular complexes, and entire pieces of membrane are exchanged between tumor cells and supporting stroma [41] . For example, P-glycoprotein, an ABC-transporter protein responsible for multidrug resistance, was shown to transfer from resistant to sensitive cells, as a functional entity, thereby allowing sensitive cells to acquire sufficient resistance to otherwise lethal levels of anti-cancer drugs. The notion that 99m Tc-sestamibi, a well-established radiopharmaceutical widely employed for myocardial perfusion scintigraphy, is a substrate for the P-glycoprotein mechanism has opened the way for exploring the possibility of imaging multidrug resistance in vivo as a prognostic indicator of the tumor response to chemotherapy [42] [43] [44] .
Immunologic sanctuary
In principle, neo-antigens and oncoproteins manufactured by the malignant cell should be more immunogenic than they actually are. Recent advances in knowledge of tumor biology with profound clinical implications have resulted in the development of antibodies with immune checkpoint blockade properties, such as ipilimumab (anti-CTLA4) and nivolumab (anti-PD1). These antibodies target molecules on tumor-specific T-cells which suppress this anti-tumor immunity. Both ipilimumab and nivolumab, both alone and in combination, have induced long-term remissions in 20-30 % of very advanced and hitherto intractable solid tumors, such as melanoma and lung cancer [45] . Also, rituximab (an anti-CD20 antibody whose radiolabeled counterpart is employed for radioimmunotherapy) is a mainstay of immunotherapy for lymphomas, both alone and in combination with chemotherapy. 
The metastatic process
Massague and colleagues passed human tumors through experimental animals to identify tumor cells with tropism for particular sites of metastasis, such as bone, brain and adrenals. In breast cancer, individual cells with this tropism were cloned and found to express specific molecules that enabled cells to migrate from the primary site and survive in the new environment [47] [48] [49] . Cells in a metastatic site may reseed the primary tumor, and vice versa, in a continuous exchange [47, 50] . This process, which has been observed in animal models of melanoma and breast, colorectal and lung cancer, involves circulating tumor cells in the blood, including those which appear ''differentiated'' for tropism to specific tissues. This ''tumor reseeding'' may help explain why the growth of solid tumors follows Gompertzian kinetics, namely an exponentially declining growth trend in which the tumor doubling times are most rapid at the very earliest stage of tumor growth. Another feature of metastatic growth, which supports the concept that tumor cells seed organs via circulation in the blood, comes from studies in prostate cancer, in which the sites of early bone metastases were shown to correlate with the areas within the skeleton where active red bone marrow is present, i.e., where blood flow is particularly rich (see Fig.3 ). It was also observed in these patients that progression of tumor volume as a proportion of the bony skeleton (expressed by a bone scintigraphy index) follows a Gompertzian kinetic pattern (see Fig. 4 ).
Oncogene and non-oncogene addiction
Normal cells live within a particular tissue and receive growth and other control signals through a network of signal transduction molecules. In cancer cells, the process of intra-cellular communication may be co-opted by specific driver mutations in otherwise normal genes, a process which leads to an abnormal gene, the oncogene. Oncogenes produce abnormal gene products, oncoproteins, which drive oncogenesis, leading to malignant cell behavior. The mutation inducing overexpression of HER2 in breast cancer, c-Kit mutations in GIST, and mutation of the Abl kinase gene in leukemias are examples of driver mutations cited as examples of oncogene addiction. When mutations occur in the genes encoding kinases (such as EGFR) which Fig. 4 Progression of metastases on bone scans of prostate cancer patients measured using the bone scan index (BSI) technique [56, 57] . The rate of progression of tumor in a group of patients followed a Gompertzian group curve, of the form, BSI(t) = BSI 0 (exp(a/b(1 -exp(-bt)))) with an initial doubling time of 45 days, at 3 % BSI involvement. Notice the characteristic decline in rate of growth, resulting in the reaching of a plateau. The initial metastases in these 27 patients occurred exclusively within the pattern of red marrow distribution in the adult male Clin Transl Imaging (2013) 1:397-406 401 have a signal transmitting function, they can disrupt this function. Other commonly mutated oncogenes include genes controlling Rb, P53, and PTEN, proteins that suppress a tendency toward tumor formation. In fact, cancer occurs when a series of mutations develop that cooperate to create the complex malignant phenotype.
Driver mutations in cancer cells
The mutations that drive the cancer cell into the malignant state can be divided into three categories: (1) gain-offunction mutations, (2) translocations, and (3) amplifications. Treatments and imaging are focused on these driver mutations, and in particular the success of kinase inhibitors has validated this approach.
The PI3K/AKT and RAS/ERK pathways
From the point of view of targeted drug therapy, the interaction of membrane receptor-based tyrosine kinase and the PI3K/AKT and the RAS/ERK pathways illustrates how a variety of drugs may inhibit signaling in specific ways. Molecular imaging with [ 18 F]FDG is used to localize hypermetabolic tumor tissue at baseline and determine the response to pharmacologic blockade of the driver mutation.
B-RAF inhibition in advanced melanoma with V600E mutation
The highly specific tyrosine kinase inhibitor PLX 4032 is effective in patients with metastatic malignant melanoma. About 70 % of melanomas show a significant response (based on RECIST 1.1 criteria) when treated with PLX 4032, as demonstrated in an early clinical trial in which 18 patients had a CR and 1 patient had a PR. The response was rapid, and characterized by a marked reduction of [ 18 F]FDG uptake. For therapy to be effective, PLX 4032 must be administered at a dose sufficient to inhibit [80 % of the B-RAF pathway [51] .
Abnormalities of the B-RAF/ERK signaling pathway also promote the malignant state in thyroid cancer, and inhibition of MEK leads to re-differentiation of experimental models of human thyroid cancer in animals (James Fagin, personal communication, Sloan Kettering Institute). Patients with 131 I-iodide refractory thyroid cancer were treated with the MEK inhibitor, AZD 6244 for 5 weeks and then restudied with quantitative PET imaging using iodine-124. About 2/3 of the patients had restoration of radioiodine uptake, and went on to be treated with 131 I-iodide, showing an excellent clinical response to treatment (see Fig. 5 ). Imaging of carbonic anhydrase 9 as a pathognomonic indicator of clear cell renal cancer A driver mutation for the Von Hippel Lindau (VHL) protein occurs in renal cell cancer. At normal tissue oxygen levels, VHL tightly binds to and inactivates the transcription factor hypoxia-inducible factor-1a (Hif-1a). In renal cell cancer, there is an inactivating mutation of the VHLencoding gene, which means that Hif-1a is continuously activated, leading to chronic production of downstream effector proteins (especially VEGFR), and also carbonic anhydrase 9 (CA9), these being proteins that are normally activated in hypoxic tissues. Clear cell renal cancer develops in this setting.
124
I-cG250, a positron-emitting antibody which targets CA9, has been introduced to assist in surgical planning of masses of the kidney. Figure 6 shows uptake in a mass in the kidney bed with excellent contrast at 7 days after injection of 124 I-cG250 [52] . Targeted therapy with sunitinib and sorefinib is used in this clinical setting to block the action of VEGFR.
There are many other examples of driver mutations, including those inducing androgen receptor activation in advanced castration-resistant prostate cancer. Androgen receptor inhibitors are an important component of therapy in these patients. The site(s) and extent of increased androgen receptor expression can be imaged with the radiofluorinated analog of testosterone, 16b-18 F-dihydrotestosterone ( 18 F-DHT). Imaging with this tracer is particularly useful for determining the effectiveness of new anti-androgen receptor therapies.
Imaging the cancer cell phenotype: metabolomics
The term Warburg effect refers to a characteristic metabolic pattern of cancer, in which glycolysis is the dominant means of energy production, even in the presence of oxygen, and most of the carbon atoms from metabolism are secreted in the form of lactate [53] . This excessive glucose utilization by many tumors provides the rationale for the use of [ 18 F]FDG PET/CT imaging to identify tumor sites and evaluate the impact of therapy. More than two million patients per year are imaged with [ 18 F]FDG PET for the purpose of improving tumor staging, detecting recurrence and monitoring treatment response.
Warburg's initial observation was that proliferating tumor cells consume glucose at a higher rate compared to normal cells and that they secrete most of the glucosederived carbon in the form of lactate rather than oxidizing glucose completely. His initial hypothesis included the view that mitochondria must be defective in cancer cells, thereby providing a basis for the shift to aerobic glycolysis. Recent experiments indicate that, in most cancer cells at least, there is no problem with oxidative metabolism in mitochondria, and indeed that the conversion of pyruvate to lactate, based on the lactic dehydrogenase enzyme, is an important promoter of growth and tumorigenicity [1] .
There is a growing awareness that the activation of aerobic glycolysis is just one of the metabolic programs crucial to the rapidly proliferating tumor cell. Others are lipid biosynthesis and glutamine dependent anaplerosis, the latter being a term used to describe replacement of intermediates within the Krebs cycle. The purpose of these metabolic flux pathways appears to be threefold: (1) to provide energy for the biochemical processes of growth and metabolism required by proliferating cells; (2) to provide the carbon backbone for key macromolecules such as nucleic acids, lipids and proteins; and (3) to help control the redox balance within the tumor cell. Signal transduction molecules and gene expressions have now been identified that are the natural regulators of these fluxes: the signal transduction pathways, especially the (PI 3K)\AKT\mTor axis, as well as Hif-1a and Myc, have emerged as some of the more important cellular modulators of metabolism [1] .
Thus, a more complete picture of the altered metabolism of cancer cells is now emerging. The drivers of this altered metabolism include the relatively hypoxic tumor microenvironment with increased concentrations of Hif-1a, and oncogenic signaling through a variety of known oncogenes such as Ras and Myc. Suppressor proteins like P53 may also play a role. In fact, the P53 suppressor protein stimulates the gene encoding the synthesis of cytochrome C oxidase protein; therefore, when P53 is disabled by mutation there is direct interference with the mitochondrial respiratory chain. The altered metabolism confers certain advantages, such as increased biosynthesis of nucleotides, proteins, phospholipids and fatty acids; increased glycolysis also directly inhibits apoptosis by neutralizing reactive oxygen species through production of NADPH. However, this process also has disadvantages, considering that toxic metabolites such as lactate and non-canonical nucleotide species tend to accumulate. Finally, because of the high energy demand, alternative substrates such as fatty acids may need to be converted to ATP in order to meet the energy requirements of the cell. Glutamine has recently been recognized as an essential nutrient for cell growth and for the viability of some cancers; in fact, tumor cells can become ''addicted'' to glutamine. In this circumstance, the tumor cell growth is fueled by a combination of glucose and glutamine. Whereas PI3K and AKT are the important signal transduction molecules which control glucose uptake, recent studies suggest that the Myc oncogene may be crucial for the control of glutamine uptake. Glutamine plays a key role in the maintenance of Krebs cycle intermediates, as well as providing energy in the form of ATP. Thus, in the situation of active glutaminolysis, glucose and glutamine are the source of energy while most of the other substrates that are taken up contribute to the synthesis of macromolecules.
It is therefore clear that certain oncogenes with known functions, such as those encoding the receptor tyrosine kinases, interact with metabolism through the PI3K/AkT/ mTor pathway. PTEN, as a natural inhibitor of this pathway, might be expected to have a role in metabolic activation. Other tumor suppressor proteins such as P53 are also increasingly thought to play a role in modulating cancer cell metabolism, particularly by favoring oxidative phosphorylation and reducing glycolysis when active.
Additional metabolic enzymes which may have oncogenic function include fumarate hydratase (associated with leiomyosarcoma) and succinate dehydrogenase (associated with paraganglioma). When these enzymes are defective, there is accumulation of fumarate and succinate, respectively. An excess of these metabolites causes overexpression of Hif-1a, which in turn promotes tumor vascularization as well as increased glycolysis and may explain the tumor development. Recently, 70 % of gliomas have been found to have mutations in isocitrate dehydrogenase enzymes (IDH1 and IDH2), thus suggesting a role for metabolic enzymes as oncogenes or tumor suppressors [54] . Mutations in the IDH1 gene do not cause a loss of function but instead induce the ability to produce 2-hydroxyglutarate, a metabolite whose excess has been associated with malignancies in patients with inborn errors of 2-hydroxyglutarate metabolism [55] .
Future applications
The development of radiotracer probes for molecular imaging research is continuing to proceed at a very rapid pace. Moreover, drug companies are recognizing the important role that molecular imaging, by allowing better understanding of the biology of the cancer process, can play in facilitating drug development. It is likely that ever more remarkable radiotracers, probably in combination with MRI agents and optical agents, will add to the information currently available from PET/CT. While many other molecular imaging approaches are available to characterize one or more aspects of a neoplasm, including proliferation (for instance with 18 Ffluoro-thymidine), apoptosis (with radiolabeled annexin), specific epitopes expressed on tumor cells (HER2 ligands), or amino acid incorporation (with trans-1-amino-3-[ 18 F]fluorocyclobutanecarboxylic acid, or 18 F-ACBC as a ligand for the glutamate receptor), it is likely that, due to the lengthy regulatory approval process, over the next 5 years [ 18 F]FDG will continue to be the main radiopharmaceutical for evaluation of the tumor patient. In this regard, it is likely that, with increased understanding of changes in glucose transporter expression by the tumor cell, indices that are more sophisticated prognostic than SUV max will be developed. It is also likely that genomic analysis of circulating tumor cells may be used as a gatekeeper, to determine whether an [ 
